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Introduction
The strangest flood in the systematic stream gaging record of the U.S. Geological Survey (USGS) is arguably the 14 June 1903 Heppner flood in eastern Oregon (Figure 1 ; Byrd, 2009; Whistler, 1903) . The June 1903 flood peak in Balm Fork (Figure 1 ) is more than two orders of magnitude larger than the 10-year flood peak at the USGS stream gaging station for Balm Fork. The downstream flood peak in Willow Creek at Heppner (Figure 1 ) is 80 times larger than the 10-year flood for the Willow Creek stream gaging station. The 14 June 1903 Heppner flood, which resulted in more than 250 fatalities, was the product of a hailstorm that formed along the north slope of the Blue Mountains of Oregon (Whistler, 1903) . There are no flood peaks in the systematic stream gaging record of the Blue Mountains region that are comparable to the June 1903 Heppner flood, but there are two miscellaneous flood events that have even more extreme estimated flood peaks than the Heppner flood. The July 1956 Meyers Canyon flood (Cooper, 2006; Costa, 1987a; Hendricks, 1964; Levish & Ostenaa, 1996) and the July 1965 Lane Canyon flood (Cooper, 2006; Costa, 1987a; Rostvedt, 1970) control the U.S. envelope curve (Costa, 1987a) and the world envelope curve (Costa, 1987b; Herschy, 2003) for basin scales between 10 and 40 km 2 . In a report on flood frequency for eastern Oregon, Cooper (2006) notes that annual peaks for USGS stream gaging stations in eastern Oregon occurred most frequently in spring and resulted from snowmelt. The largest unit discharge flood peaks are "all due to thunderstorms, [but] thunderstorms are essentially unrepresented in the systematic record" (Cooper, 2006) .
We will use the upper tail ratio, which is defined as the peak discharge for the flood of record at a gaging station divided by the sample 10-year flood magnitude, to examine upper tail properties of floods in the United States. The 10-year flood is a commonly used threshold to distinguish properties of the upper tail of flood distributions (see, e.g., O'Connor & Costa, 2004a; Villarini et al., 2011) . In this paper, we will examine strange floods through analyses of USGS flood records from more than 8,000 stream gaging stations and through more detailed analyses of the most extreme floods and the storms that produce them. One of the key notions behind strange floods, as defined by large upper tail ratios at stream gaging stations, is that annual flood peak observations for a drainage basin may reflect mixtures of different populations of flood agents (see, e.g., Hirschboeck, 1987 Hirschboeck, , 1988 Rossi et al., 1984; Smith et al., 2011a) , like the snowmelt and thunderstorm floods in eastern Oregon (for similar examples of flood mixtures in Switzerland, see Fundel & Zappa, 2011) . We use the eastern Oregon floods to illustrate the nature of strange floods for which the flood-generating mechanism (orographic thunderstorms) is rare and contrasts markedly with the common flood-generating mechanism (snowmelt). We will show that strange floods can also arise from unprecedented extremes in rainfall for the dominant flood-generating mechanism in a region, as is the case for a collection of record floods in the High Plains and along the Front Range of the Rocky Mountains. Mixtures of flood-generating mechanisms can be examined through analyses of the seasonality of flood peaks (see Villarini, 2016 , for a recent discussion of seasonality of U.S. flood records). We will show that there is a striking contrast between the seasonality of record flood peaks at USGS stations and the larger record of annual flood peaks from USGS stream gaging stations. The contrast grows even sharper as we restrict attention to record floods with large upper tail ratio values.
The notion of strange floods is also tied to mountainous terrain. Orographic thunderstorms are agents of strange floods in eastern Oregon and in many other settings around the United States (Costa, 1987a) and the world (see, e.g., Ducrocq et al., 2008; Herschy, 2003) . On the extreme end of terrain, Jarrett concluded that 2,300 m is the upper limit for the occurrence of extreme floods in the Front Range of the Rocky Mountains (Jarrett & Costa, 1988; Jarrett & Tomlinson, 2000 ; see also ; Mahoney et al., 2012 , for hydrometeorological discussion). Spatial heterogeneity of flood peaks and scaling of flood peaks with drainage area are central topics for characterization of upper tail properties of floods. The literature on flood regionalization and flood peak scaling (see, e.g., Ayalew et al., 2014; Blöschl & Sivapalan, 1997; Hosking & Wallis, 1997; Nguyen et al., 2013; Robinson & Sivapalan, 1997) provides important background for the examination of strange floods.
Hailstorms have been discounted as heavy rainfall producers based on arguments revolving around low precipitation efficiency and rapid storm motion. Cotton et al. (2010) note that "storms producing the largest hailstones occur in strongly sheared environments; thus, in general, we should not expect that the storm systems producing the largest hailstones are also heavy rain producing storms" (see also Hamada et al., 2015; Zipser et al., 2006) . Doswell et al. (1996) and Smith et al. (2001) take a different perspective, pointing to the most intense thunderstorms as underappreciated agents of extreme flooding (see also Bunkers & Doswell, 2016; Hitchens & Brooks, 2013; Llasat et al., 2016; Nielsen et al., 2015; Nielsen & Schumacher, 2018; Rogash & Racy, 2002) . The 1903 The , 1956 The , and 1965 floods in eastern Oregon seem strange partly because we have relatively little insight to the storms that produced them. We utilize downscaling simulations from the Weather Research and Forecasting (WRF) model to reconstruct the environment of the Heppner, Meyers Canyon, and Lane Canyon storms and to examine aspects of the structure and evolution of the storms. We have used downscaling simulations to examine the hydrometeorology of the 1927 flooding in the Lower Mississippi River (Smith & Baeck, 2015) and the 18-19 July 1942 Smethport, Pennsylvania storm that produced world record rainfall at 4-to 5-hr time scale (Michaelis & Lackmann, 2013; see Smith et al., 2011b , for similar analyses).
Measurement error is an important element of flood frequency analysis, especially for the upper tail of flood distributions (see, e.g., Costa & Jarrett, 2008; Potter & Walker, 1981) . The Meyers Canyon and Lane Canyon flood peak estimates have generated considerable controversy (Costa & Jarrett, 2008; Levish & Ostenaa, 1996) and reflect the important role that measurement error plays in examining the nature of the upper tail of flood peak distributions.
There are 16 flood events, including the June 1903 Heppner flood, that produced upper tail ratios larger than 20. These provide a catalog of events (Table 1) that we use to examine upper tail properties of floods in the United States. Not surprisingly, this catalog includes some of the most devastating floods in U.S. history. Analyses of these events augment and expand analyses based on the entire USGS flood peak record, especially through insights concerning the role of thunderstorms and mountainous terrain in determining upper tail properties of flood peaks.
We introduce a statistical framework based on the Generalized Extreme Value (GEV) distribution to ground our analyses of the upper tail ratio. The GEV has been widely used for flood frequency analysis (see Katz et al., 2002) , based on arguments from extreme value theory and the representation of the annual maximum flood peak as the maximum of a number of flood peaks over the course of a year. The GEV framework that we develop yields a scaling theory for record floods in which the upper tail ratio does not depend on drainage area. Analyses of upper tail ratios provide insights to upper tail thickness and, more generally, the nature of the upper tail of flood peaks. Robert Horton, along with many of his contemporaries, was convinced that rainfall and floods were bounded, writing "It is not difficult to show from sound meteorological reasoning, and aside from any statistical proof, that there is a natural limitation to rain intensity for any given duration" (letter to F. E. Schmidt, Associate Editor for Engineering News Record; 18 November 1927). We use the upper tail ratio to examine whether bounded flood distributions or unbounded thick-tailed distributions are more consistent with the USGS annual peak record. The literature on envelope curves and record floods (see, e.g., Douglas & Vogel, 2006; Enzel et al., 1993; Gaume et al., 2009; Halbert et al., 2016; Vogel et al., 2001 ) provides important background for these analyses. Zorzetto et al. (2016) develop ideas for characterizing the upper tail of hydrologic extremes in which extremes are represented as emergent properties of more common events.
Quantifying the upper tail of flood magnitudes is critical for flood hazard assessment, making strange floods a topic of significant practical importance. Many of these destructive, strange floods led to construction of flood control dams and levees to reduce loss of life and catastrophic damages. Our analyses are designed to advance the understanding of extreme floods and point to new methods for characterizing the upper tail of flood distributions. The United States is an important study region both for the societal importance of flood hazards and due to the exceptional observational resources provided by the USGS stream gaging record. Our analyses, however, are designed to provide general insights on extreme flooding and to provide results that can be usefully compared to extreme flooding around the world (see, e.g., Costa, 1987b; Delrieu et al., 2005; Gaume et al., 2009; Hosking et al., 1985; Li et al., 2013; Llasat et al., 2016; Nguyen et al., 2013; Parajka et al., 2010; Salinas et al., 2014; Yang et al., 2017) .
The objective of this paper is to characterize the nature of the upper tail of flood peak distributions in the conterminous United States. To address this objective, we will focus on the following questions: 
Data and Methods
We use USGS stream gaging records, and especially the annual maximum flood peak record (see Ryberg et al., 2017 , for a recent description), to examine strange floods in the conterminous United States (i.e., we exclude Hawaii, Alaska, and Puerto Rico). Measurements of many extreme floods are made by indirect discharge methods, involving field measurements of peak water surface profiles and channel cross-sections, combined with hydraulic computations (Costa & Jarrett, 2008; Koenig et al., 2016) . Indirect measurements are made for floods at stream gaging sites when the gage is destroyed or fails to operate properly. They are also made at miscellaneous sites, that is, sites that do not have stream gaging stations, typically for the most extreme floods. The envelope curve of flood peaks for the United States is controlled by indirect discharge measurements from miscellaneous sites (Costa, 1987a flood peaks in eastern Oregon, which are based on indirect discharge methods at miscellaneous sites, have generated considerable controversy (as discussed in section 4).
The sample of flood peak observations consists of annual maximum instantaneous discharge from USGS stream gaging stations. For a single stream gaging station, let X 1 , … , X n denote the sample of annual flood peaks and X (1) < X (2) < … < X (n) denote the order statistics of the annual peak record with n years of observations. With this notation, X (n) is the flood of record. For stations that satisfy the stationarity assumption, we can represent the flood peak distribution at a site by the cumulative distribution function
An alternative representation is through the quantile function:
The GEV distribution has been widely used for hydrologic extremes, based on both theoretical and practical considerations (El Adlouni et al., 2007; Martins & Stedinger, 2000; Villarini & Smith, 2010) . From a theoretical perspective, the GEV represents a limiting distribution that results from the operation of taking the maxima of independent and identically distributed or weakly dependent random variables (Leadbetter et al., 1982) . The quantile function of the GEV takes the form
where ∈ (−∞, +∞) is the location parameter, ∈ (0, +∞) is the scale parameter, and ∈ (−∞, +∞) is the shape parameter. For > 0, the distribution is unbounded above. For < 0, the distribution is bounded above with an upper bound of − ∕ . The Gumbel distribution is the special case for = 0 and corresponds to unbounded, but thin, upper tails. The GEV provides a useful tool for examining tail properties of flood peak distributions. We will use the shape parameter as an index of tail properties (see, e.g., Morrison & Smith, 2002) .
We examine the stationarity of annual maximum peak discharge data using the Mann-Kendall test (see Morrison & Smith, 1993) . The test has been widely used for hydrologic time series, including annual peak records (see, e.g., Villarini et al., 2009 ). Other methods, including change point analyses, can be used to identify the nature and timing of nonstationarities (see, e.g., Helsel & Hirsch, 1993; Villarini et al., 2009) . In this study, we will focus on the presence or absence of nonstationarities in a flood record and restrict analyses to those based on the Mann-Kendall test.
We estimated the GEV parameters for stationary annual peak records (5,546 USGS stations) using the maximum likelihood method (see Coles, 2001 ). The estimated location and scale parameters {̂i ,̂i} are linearly related (correlation of 0.91), witĥ= c ×̂and c approximately equal to 2. The estimated location and scale parameters also have significant correlation with drainage area (0.57 for both). The estimated shape parameters {̂i} are independent of the estimated location and scale parameters and drainage area. We examined dependence of the estimated shape parameter on a range of other covariates contained in the USGS Gages-II database (Falcone et al., 2010) and found no significant results.
The upper tail ratio, Z, is the ratio of the flood of record to the sample 10-year flood, that is,
whereQ(.9) is computed in the standard way as a linear combination of the order statistics X (j) and X (j+1) , with
. We will use the upper tail ratio as a principal tool for examining the upper tail of all USGS flood records. For nonstationary records,Q(.9) cannot be interpreted as a 10-year flood for any particular time period, but provides an aggregate characterization of the 1 in 10 probability of occurrence over the changing flood regimes represented in a particular record of a stream gaging station. Of particular importance for our analyses will be stations for which extreme floods provided the stimulus for river regulation, stream gaging, or both.
The upper tail ratio provides a nonparametric approach to analyze the upper tail of flood peak distributions. Parametric assumptions on the parent flood peak distributions from extreme value theory provide guidance on the distribution of the upper tail ratio for stationary flood records. Under the assumptions that (1) the parent flood peak distribution for a stream gaging station has a GEV distribution and the shape parameter is linearly related to the location parameter, with = c (see discussion above) and (2) the sample 10-year flood is close to the theoretical 10-year flood, then the upper tail ratio has a GEV distribution that depends only on the shape parameter and sample size (details are provided in the Appendix A). This result provides a characterization of the control of the shape parameter and sample size on upper tail properties of the GEV distribution (see Koutsoyiannis & Montanari, 1999 , for related scaling analyses of extreme precipitation). Under the assumption that the GEV provides a good representation of annual flood peaks, the result shows that upper tail ratio and the shape parameter of the GEV are intricately linked. Because the shape parameter does not depend on basin scale, it follows that the same holds for the upper tail ratio.
The form of the GEV distribution for Z does not depend on the selection of the 10-year flood as the normalizing variable. The same form of the distribution (equation (A3)) holds for any quantile Q(p), with 0.9 replaced by the new value of p (equation (A4)). More generally, we could define Z as the ratio of the record flood to the sample T-year flood for values of T different from 10 years. Selecting shorter return intervals could provide sample T-year floods with lower variability, but at the cost of reduced relevance to the upper tail of flood distributions. Our selection of the 10-year flood is motivated in part by DuMouchel's admonition to let the tails speak for themselves (DuMouchel, 1983) .
Strange Floods-The USGS Stream Gaging Record

Upper Tail Ratio for USGS Stream Gaging Stations
We examine the estimated upper tail ratio for 8,911 stream gaging stations that are included in the USGS GAGES-II data set (Falcone et al., 2010) . For each stream gaging station, we have a vector of covariates which includes the number of annual peak observations n i , drainage area A i , the time T i ∈ [0, 1] of the record flood (with time 0 denoting the beginning of the day on 1 January and time 1 denoting the end of the day on 31 December), the mean annual precipitation, mean basin elevation, and a wide range of land use/land cover and basin morphology variables taken from the Gages-II data set. We principally use time T i to assess seasonality of flood occurrences. Synoptic analyses of USGS flood records have assessed flood frequency for the United States from diverse perspectives (see, e.g., Costa, 1987a Costa, , 1987b Michaud et al., 2001; O'Connor & Costa, 2004a , 2004b O'Connor et al., 2002; Patton & Baker, 1976; .
The locations of flood peaks with upper tail ratios greater than 5, 10, and 20 are concentrated in diverse regions across the United States (Figure 2 ), but the largest upper tail ratio floods are found in the western United States (Table 1 and An important distributional property of the upper tail ratio is the dependence on record length (Figure 3) . The median and 0.95 quantile values of upper tail ratio for the second decile (annual peak records of 14-22 years) are 1.42 and 3.94. For the ninth decile (75-86 years of annual peak records), the median and 0.95 quantile values are 2.13 and 6.37. Dependence of upper tail ratio on sample size is most pronounced for stations in the lower half of the distribution of sample size. For the upper half, that is, stations with more than 46 years of record, there is only a modest change in the distribution of upper tail ratio with increasing record length.
The GEV scaling theory for upper tail ratio implies that the distribution of upper tail ratio values should depend on the GEV shape parameter, in addition to sample size. This is supported by analyses based on estimated values of the GEV shape parameter (Figure 4 ). For the analyses in Figure 4 , we use stations with sample size greater than 46 (the median value of sample size) to focus on the dependence of upper tail ratio on the shape parameter and to mitigate the impacts of sampling variability for estimators of the shape parameter. Median, interquartile range, and maximum values of upper tail ratio increase systematically with deciles of estimated shape parameter. Variability of upper tail ratio values increases sharply for the two largest deciles of estimated GEV shape parameters (the lower bound of the estimated shape parameter for the ninth decile is 0.5) which is consistent with prior studies of variability of maximum likelihood estimators of the shape parameter (see Morrison & Smith, 2002) .
For the entire sample of 8,911 stream gaging stations, the distribution of upper tail ratio magnitudes increases with basin scale, as represented by drainage area, A i ( Figure 5 top) . This result appears to be at odds with the GEV scaling theory for which the distribution of upper tail ratio depends only on the shape parameter and sample size. As noted in the previous section, the estimated shape parameter for stationary flood records does not depend on drainage area, or any other basin characteristic. There is, however, a modest positive correlation between basin area and sample size (figure not shown), which is sufficient to skew the distribution of upper tail ratio. If we restrict consideration to stations with more than 46 years of record (the median value of record length), the dependence of upper tail ratio on basin area disappears Record floods, and especially the most extreme record floods, are concentrated during the peak of warm season convection ( Figure 6 ). The distribution of record flood peaks has a maximum around mid-June, with a secondary maximum around the beginning of September, corresponding to the peak of extreme flooding in the eastern United States from landfalling tropical cyclones. The distribution sharpens when we restrict consideration to stations with upper tail ratio greater than 5, with the summer maximum becoming more prominent. The tropical cyclone peak shifts earlier in the season, due largely to a handful of hurricanes (Diane in August of 1955, Alberto in July of 1994, and Agnes in June of 1972), which have a disproportionate impact on the seasonal distribution of upper tail ratios greater than 5.
The contrasts in seasonal distribution of record floods and record floods with upper tail ratio greater than 5 are small, compared with the broad seasonal distribution of annual flood peaks at USGS stream gaging stations ( Figure 6 ), which has winter/spring and summer maxima and a diminished contribution from tropical cyclones. The seasonal distribution of extreme floods becomes even more skewed toward warm season convection and tropical cyclones when attention is restricted to small watersheds (less than 200 km 2 in drainage area; figure not shown).
We also examine strange floods through the record flood seasonality, S i , which characterizes the seasonal anomaly of the record flood for station i:
, is the sample probability density function of the time of occurrence of flood peaks in basin i. We compute S i as the sample probability density function of the seasonal occurrence of annual flood peaks at station i, evaluated at the time of occurrence T i of the flood of record. We estimate the seasonal probability density function using the R Kernel Density Estimator (Venables & Ripley, 2002) . Arid and semiarid regions have upper tail ratios that are somewhat larger than those in more humid regions ( Figure 7 ). Upper tail ratios for the lowest two deciles of mean annual basin precipitation are systematically larger than those for basins with greater precipitation. The upper bound of the second decile of precipitation is approximately 650 mm. There is relatively little variation in the distribution of upper tail ratio with precipitation for the upper 8 deciles. As highlighted in Figures 2 and 7, arid/semiarid regions play an important role in controlling the extremes of upper tail ratio.
Jarrett's conjecture (Jarrett & Costa, 1988; Jarrett & Tomlinson, 2000) that 2,300 m elevation marks a significant break in extreme flood records is supported by analyses of the upper tail ratio for the entire USGS annual peak record ( Figure 8 ). There is a pronounced decrease in median, interquartile range, and extremes of upper tail ratio for the last decile of basin elevations, which has a lower bound at 2,300 m. The sharp decrease in upper tail ratio basins with elevations greater than 2,300 m is paired with a general increase in upper tail ratio for deciles 6-9 (elevations ranging from approximately 395 to 2,300 m). This feature reflects the role of orographic precipitation mechanisms in amplifying flood peak extremes. For more than a century, there has been debate over the impact of forests on floods (see, e.g., Jones & Grant, 1996) . There is little evidence of forest cover impacts on upper tail ratio ( Figure 9 ), suggesting that forest cover does not have a major impact on the most extreme floods. This result is consistent with previous studies showing that the impacts of forest cover on flooding diminishes in the upper tail of flood events (Wood et al., 1990) . These studies point to the relative importance of soil moisture decreasing as return interval (and storm total rainfall accumulations) becomes large. There are caveats to the inferences concerning forests and floods. The Gages-II forest cover data represent current conditions and do not capture changes over time in forest cover. There may also be impacts on more common floods that are not present for the most extreme events. For the smallest decile of forest cover, which includes urbanized watersheds and arid watersheds, there is an elevated distribution of upper tail ratio.
Upper tail ratio decreases as impervious fraction increases, implying that increases in urbanization result in lower values of upper tail ratio. This result is consistent with increases in frequency of flooding (which leads to elevated values of 10-year flood) and capacity constraints on peak flood magnitude imposed by the urban drainage network . Capacity constraints in urban watersheds result from design of components of the urban drainage network, including pipe capacities in the storm drain network and bridge culverts. The decreases in upper tail ratio with impervious fraction do not reflect the nature of flood hazards, which increase in urban regions due to the vulnerability of large flood-impacted populations (see DiBaldassarre et al., 2013 , for discussion and review of human-flood interactions).
The pronounced nonstationarities in flood records of the United States (see, e.g., Hirsch & Archfield, 2015; Mallakpour & Villarini, 2015; Milly et al., 2008; Villarini et al., 2009) do not translate into large differences in upper tail ratio. We examine the distributions of upper tail ratio for stations that pass the Mann-Kendall test for stationarity and those that do not. The median value for the nonstationary stations, 1.99, is only slightly larger than the median value for stationary stations, 1.88. There are similarly modest changes for interquartile range and extremes. River regulation by dams is an important element of nonstationarities in flood records. There is a link between large upper tail ratio floods and dam building, as we illustrate in the following section. The occurrence of a large flood in a particular drainage basin marks that watershed as a target for flood control, especially if there is extensive loss of life or damage from the flood. The sample properties of upper tail ratio for USGS stream gaging stations are most consistent with a GEV world in which the shape parameter is positive (Figures 10 and 11 ), implying unbounded, thick-tailed flood distributions. In Figure 10 , we illustrate the dependence of the distribution of upper tail ratio on record length for GEV distributions with shape parameters of 0.25 (unbounded and thick-tailed), 0 (Gumbel), and −0.25 (bounded), with sample sizes taken from the 8,911 USGS stations. The bounded case produces upper tail ratios that are too small at all quantiles and the extremes in the Gumbel case are too small. Only the unbounded, thick-tailed case can produce the extremes that are present in the USGS upper tail ratio samples. In Figure 11 , we show the distribution of upper tail ratio for 8,000 simulated flood records of length 60 years with shape parameter ranging from −0.5 to 0.5. Again, we conclude that bounded and Gumbel distributions are not consistent with the large upper tail ratios for USGS gaging stations. Large upper tail ratios in the GEV world are tied to unbounded thick-tailed distributions.
We have also explored mixtures of GEV families and come to a similar conclusion (figures not shown). These results, along with relationships between estimated GEV shape parameters and upper tail ratio (Figure 4 ), point to thick-tailed distributions as a key element of large upper tail ratio flood records. Future studies will examine these issues in more detail.
The Largest Upper Tail Ratio Floods in the United States
In this section, we examine the largest upper tail ratio flood peaks in the USGS stream gaging record (Table 1 and Figure 2 ) to expand the interpretation of results presented in the previous section. The 14 June 1903 flood peak in Balm Fork (Table 1 and Figure 1 ) translates to an upper tail ratio of 198, the second largest in the USGS stream gaging record (Table 1) (Table 1 ). The Republican River basin is located in a corridor of high frequency occurrence of extreme rainfall events during the May-July period. The corridor extends from the Front Range of the Rocky Mountains through Nebraska into Iowa. This feature is linked to the climatological maximum of rainfall from mesoscale convective complexes (see Maddox, 1980; McAnelly & Cotton, 1989; Tuttle& Davis, 2006; Zhang et al., 2001) , and more generally, the climatology of mesoscale convective systems (Schumacher & Johnson, 2005) . Heavy rainfall on 30 May 1935 was initiated along the eastern margin of the Rocky Mountains near Colorado Springs, Colorado, around the middle of the day and the path of heavy rainfall was extended northeast through eastern Colorado, northwestern Kansas and into Nebraska on 31 May; peak rainfall accumulations exceeded 500 mm. The record flood seasonality index, S i for the Republican River flood of 3.0 (Table 1) , is large, reflecting the prominence of mesoscale convective systems in the flood record for the region.
Like the Heppner flood, the principal flood agents for the Republican River flooding were from the most intense spectrum of thunderstorms. Multiple bucket survey reports noted that precipitation accumulations included rain and hail (Follansbee & Spiegel, 1937) . As storms passed McCook, Nebraska, a tornado was reported (Follansbee & Spiegel, 1937) . Unlike the Heppner flood, the 1935 Republican River flood is not strange in terms of the flood agent at play, but in terms of the magnitudes of rainfall and flood peaks.
Extreme rainfall and flooding extended down the High Plains from Nebraska to Texas. The world record rainfall at 2.75-hr time scale is the 559 mm rainfall accumulation in D'Hannis, Texas, on 31 May 1935. The D'Hannis storm was a tornadic supercell thunderstorm that produced an envelope curve flood peak in Seco Creek (based on indirect discharge measurements; see Costa, 1987a and Jarrett, 2008) . (Table 1 ). The Washita flood, which ranks just behind the Republican River flood in upper tail ratio (Table 1) , resulted in 17 fatalities and stimulated development of a flood control system for the Washita River basin. Newspaper accounts of the storm refer to the frequent occurrence of lightning. The Prairie Dog Creek flood had an upper tail ratio of 37 (seventh on the USGS list; Table 1 ) and was produced by rains of 8 to 11 in., which resulted in a phenomenal rise in Prairie Dog Creek (Wells, 1959 The most striking expression of mountainous terrain on the occurrence of large upper tail ratio floods is in the Front Range of the Rocky Mountains (Figure 2 ; see Follansbee & Jones, 1922; Jarrett & Costa, 1988; Javier et al., 2007; Maddox et al., 1978; Mahoney et al., 2012; Ogden et al., 2000; Petersen et al., 1999) . By many metrics, including the upper tail ratio (Table 1) , the most extreme flooding in the Front Range region resulted from a series of storms during the period from 16 to 18 June 1965 (in terms of fatalities, however, the 21 deaths in 1965 rank well behind the more than 140 fatalities in Big Thompson on 31 July 1976 and the hundreds of fatalities in Pueblo on 4 June 1921; see England et al., 2014; Follansbee & Jones, 1922) . The Plum Creek flood peak in suburban Denver on 16 June 1965 resulted in an upper tail ratio of 55 at a drainage area of 783 km 2 (and, not surprisingly, development of flood control for Plum Creek, Bear Creek, and the South Platte River). The Jimmy Camp Creek flood peak the following day produced an upper tail ratio of 34 at a drainage area of 170 km 2 and an envelope curve flood peak for the United States (Costa, 1987b) . The storms were severe thunderstorms, especially the Jimmy Camp Creek storms, which were associated with large hail and F1 tornadoes. The only overlap between Costa's U.S. flood peak envelope curve (Costa, 1987a) and the strange floods in the systematic record (Table 1) Black Hills Flood) was not just one of the most extreme floods in U.S. history in terms of upper tail ratio (49 at a drainage area of 973 km 2 , with five stations exceeding an upper tail ratio of 20; see Table 1 ), but also in terms of fatalities, with at least 238 deaths that were the direct result of the flood. The flood was produced by a nearly stationary system of thunderstorms, with orographic mechanisms playing an important role in storm structure and evolution (Maddox et al., 1978 ; see also Soderholm et al., 2014) . The Black Hills region has an even more pronounced seasonal concentration of flood peaks in June than the Front Range, with record flood seasonality for the five stations ranging from 3.7 to 5.0 (Table 1) . Paleoflood studies (Harden et al., 2011) Although Jarrett's 2,300-meter hypothesis is supported by results in Figure 8 , there are exceptions to the 2,300-meter rule, with one ranking among the largest upper tail ratio flood events. The Costilla Creek flood of 22 July 1954 (Table 1) (Table 1) , reprises themes from the Heppner flood (see G. F. Ritz's summary in Jordan & Combs, 1996) . The Sybille Creek flood, like the Heppner flood and many of the large upper tail ratio events, was the product of an intense hailstorm in which extreme rainfall and exceptional hail falls were in close proximity. Accumulations of hail reached several feet in portions of the Sybille Creek watershed.
The Teton River of Montana was the setting for a strange hydrologic flood, with a record peak on 8 June 1964 producing an upper tail ratio of 21 (Table 1; Boner & Stermitz, 1967) . Although geographically close to the Teton River of Idaho (Table 1) , the Montana river is tributary to the Missouri and Mississippi, flowing to the Gulf of Mexico; the Idaho Teton River is a tributary to the Snake and Columbia, flowing to the Pacific Ocean. In a supplement to Boner and Stermitz (1967) , R. A. Dightman notes that "an item of more than passing interest was the lack of thunderstorms in the heavy precipitation region." This observation reflects the view of the hydrometeorological community in the U.S. Weather Bureau and the flood hydrology community of the USGS from the 1930s starting with Robert Follansbee and Nathan Grover through the 1960s that thunderstorms play an important role as agents of extreme flooding. In the 1920s and 1930s, USGS hydrologists documented extreme rainfall and flood runoff from cloudburst thunderstorms (see, e.g., Follansbee & Jones, 1922; Woolley, 1946) . The USGS view of floods during the 1950s and 1960s was clearly influenced by Luna Leopold (Chief Hydrologist from 1956 to 1966 ). Leopold's background in meteorology and his early research on cloudburst floods in the southwestern United States (Leopold, 1942 (Leopold, , 1946 gave him a deep appreciation for the role of thunderstorms as flood agents in the United States.
The Ashland Creek floods in the mountains of southern Oregon (Figure 2 and Table 1 ) on 15 January 1974 reflect a prominent setting for extreme flooding in northern California and the Pacific Northwest. Heavy orographic rainfall from extratropical systems, combined with rapid snowmelt associated with strong warm air advection (Colle & Mass, 2000) , can produce exceptionally large flood peaks in the region. These events are linked to concentrated low-level transport of water vapor in atmospheric rivers (in contrast to the Blue Mountain floods in eastern Oregon, as discussed below).
A cluster of stations with upper tail ratio greater than 5 is located in southern California along the San Gabriel Mountains north of Los Angeles (Figure 2 ). This cluster is dominated by the 3-4 March 1938 flood for which nine stations reported record floods with upper tail ratios greater than 5; the San Antonio Creek station has an upper tail ratio of 24 (Table 1) (Table 1) is both strange and mysterious. The seasonal distribution of flood peaks in San Emigdio Creek is dominated by winter storms, resulting in the smallest value of the record flood seasonality S i , 0.66, among the events with upper tail ratio greater than 20. Exceptional floods from summer cloudbursts in San Emigdio Creek have, however, been described by Douglas (1908) , who notes that a high-gradient tributary is named Cloudburst Canyon.
Texas has a well-recognized history of extreme floods and it is a region with a high concentration of large upper tail ratio floods ( Figure 2 ) and a diverse population of flood mechanisms (Baker, 1975 (Caracena & Fritsch, 1978; Smith et al., 2000) . Hurricane Harvey produced 5-day accumulations (25-29 August 2017) of 1,250 mm in Houston, the largest for a single storm in the conterminous United States (see Emanuel, 2017 , for climatological assessments of tropical cyclone rainfall frequency in Texas).
Floods with large upper tail ratio in the United States east of the Mississippi River are dominated by tropical cyclones (Figure 2 There is large diversity in rainfall and flooding from this collection of tropical cyclones. Diane produced abnormally large rainfall rates and retained tropical characteristics throughout its passage through the northeastern United States. Most tropical cyclones that reach the mid-Atlantic and New England experience extratropical transition through interaction with midlatitude extratropical systems (Atallah & Bosart, 2003; Hart & Evans, 2001 ). Hurricanes Agnes (DiMego & Bosart, 1982) , Floyd (Atallah & Bosart, 2003; Colle, 2003) , and Irene (Liu & Smith, 2016 ) reflect rainfall distributions characteristic of extratropical transition events, producing extensive regions of heavy rainfall. For Hurricane Agnes, there were 125 stations reporting record floods, compared with 68 stations from Hurricane Diane.
Orographic thunderstorms in the central Appalachians provide another class of strange floods (Giordano & Fritsch, 1991; Konrad, 2001; Smith et al., 2011b) . Villarini and Smith (2010) show that orographic thunderstorms are largely unrepresented in the upper tail of flood peaks from USGS stream gaging stations in the central Appalachians, but they dominate the envelope curve of flood peaks (Hicks et al., 2005; Miller, 1990; Smith et al., 1996 Smith et al., , 2011b , based on indirect discharge estimates. Warm season thunderstorms account for a handful of the flood events with upper tail ratio greater than 5 in the eastern United States (Figure 2 ), including the Smethport flood of 18-19 July 1942, the Rapidan flood of 27 June 1995, and the northern Ohio flood of 4 July 1969 (see Smith et al., 2011b) . The Smethport storms of 18-19 July 1942 in northwestern Pennsylvania (Eisenlohr, 1952; Smith et al., 2011b) produced the world record rainfall of 780 mm in 4.75 hr and flood peaks (based on indirect discharge measurements) that control the eastern U.S. envelope curve at basin scales less than 100 km 2 . They were exceptionally intense thunderstorms; in transmitting rainfall analyses for the (Eisenlohr, 1952) report, J. E. Stewart notes that "everyone contacted emphasizes that this was by far the worst electrical storm they ever witnessed, not only for length of time involved, but particularly for intensity at the time any one of the thunderstorms were passing" (J. E. Stewart, letter to Merill Bernard, Supervising Hydrologist, U. S. Weather Bureau, 18 September 1942).
The Strangest Floods: The Blue Mountains of Eastern Oregon
In this section, we examine the hydrology, hydrometeorology, and hydroclimatology of extreme floods in and adjacent to the Blue Mountains of eastern Oregon. The region, which is located along the southern boundary of the Columbia Plateau, is the setting for the largest upper tail ratio flood in the USGS stream gaging record (excluding the Teton dam failure flood peak) and two miscellaneous flood peaks which control the U.S. and world envelope curves at 10-40 km 2 scale (see Figure 12 for locations). The Columbia Plateau is an apt setting for strange floods. The largest floods on Earth, the Lake Missoula floods, shaped the landscape of eastern Washington and Oregon 15,000-13,000 years ago (see, e.g., O'Connor & Baker, 1992) . In a paper that examines the properties of strange floods, this section is designed to highlight key features of the strangest.
Heppner Flood
What is known about rainfall and streamflow from the Heppner flood comes largely from USGS hydrologist John Whistler (Whistler, 1903 ; a synopsis of Whistler's report appears in Murphy, 1904) . Whistler introduced the event by noting that "On June 14 there occurred at Heppner, Oregon, one of those storms so peculiar to arid regions and generally referred to as 'cloud-bursts.' A knowledge of the amount of precipitation and the area covered, seemed to be of special interest in the consideration of irrigation projects … I have made an investigation to determine more or less approximately the facts as to run-off and area of storm, … together with other facts which I have thought may be of general interest."
The 1903 flood in Willow Creek reached Heppner (see Figure 13 ) at 5:30 P.M. local time and resulted in more than 250 fatalities in less than 1 hr (Whistler, 1903) 198 times larger than the sample 10-year flood magnitude (Table 1) . The unit discharge for the Balm Fork peak is 15 m 3 ⋅s −1 ⋅km −2 . The estimated flood peak in Willow Creek at Heppner (Figure 13 ), which has a drainage area of 251 km 2 , was also 36,000 cfs (1,019 m 3 /s), 78 times larger than the sample 10-year flood magnitude. The peak discharge values for Balm Fork and locations downstream on Willow Creek were based on slope-area computations (Whistler, 1903; see Levish & Ostenaa, 1996, and Byrd, 2009 , for additional discussion and photographs).
The Heppner flood was the product of a hailstorm that moved down the valley of Balm Fork. Whistler summarized the Heppner storm as follows: "residents of the valley and other eyewitnesses agree that the storm moved down the valley of Balm Fork … and had entirely passed away in less than a half-hour. Accounts agree that it extended from the foot of the Blue Mountains, 8 to 10 miles distant, to and a short distance across Willow Creek valley, covering a strip, variously said to be from 2 to 4 miles wide." Whistler concluded that rainfall at any location was no more than 30 min in duration.
We use the KINEROS-2 model, which has been applied to flood modeling for arid/semiarid watersheds (see Goodrich et al., 2011, and Morin et al., 2006, for additional details) , to examine the dependence of flood peaks on structure, motion, and rainfall rates from the Heppner storm. We use a 30-m USGS digital elevation model for implementing KINEROS-2 for Balm Fork (see Figure 13) , with the 68 km 2 watershed partitioned into 117 overland flow planes and 77 channel elements. Whistler describes the hillslopes of Balm Fork as rocky and barren hills which carry off water very rapidly. Based on Whistler's analyses, we assume low values of saturated hydraulic conductivity (0.001 mm/hr) and assume channel roughness of 0.04, in line with Whistler's assumptions for peak discharge computations. Channel geometry is also based on Whistler's analyses. We use the Automated Geospatial Watershed Assessment algorithms (Goodrich et al., 2011) with conventional geographic information systems data layers to specify model parameters that are not fixed by observations from the 1903 flood (see Goodrich et al., 2011, and Kampf & Burges, 2007 , for discussion of errors inherent in modeling analyses with KINEROS and similar hydrologic models).
As noted above, Whistler's report provides an idealized depiction of storm size and motion for the June 1903 Heppner storm. From these, we develop rainfall rate fields for the June 1903 storm, representing the storm as a circular region of uniform rainfall rate and radius 5 km, which moves down the Balm Fork watershed, that is, from southeast to northwest, at a speed resulting in 30-min rainfall durations for locations in Balm Fork. A model simulation based on rainfall fields consistent with Whistler's characterizations of storm structure and motion and with a rainfall rate of 135 mm/hr reproduces the peak discharge and timing of peak response (Figure 14) . In Figure 14 , we also show sensitivity of model analyses to assumptions on rainfall rate and storm motion. Rainfall rates at the 30-min time scale have return intervals that are large for eastern Oregon (the 100-year 30-min rainfall rate for Heppner is approximately 40 mm/hr, based on Oregon Department of Transportation analyses), but are not uncommon for hailstorms producing extreme flooding in small watersheds (Doswell et al., 1996; Smith et al., 2001 ). As will be shown below, 30-min rainfall rates needed to produce peak flood response in Balm Fork are smaller than those required to produce estimated flood peaks for the Meyers Canyon and Lane Canyon events, based on similar modeling analyses.
Model simulations suggest that storm motion played a significant role in determining flood peak magnitude in Balm Fork. For a circular storm of radius 5 km (approximately 50 km 2 in area) moving down Balm Fork with a rain rate of 100 mm/hr, the peak discharge at the outlet is 931 m 3 /s (Figure 14) . For a 5-km radius storm moving up the basin at the same speed, the peak discharge is 485 m 3 /s. In both cases, the storm total rainfall and distribution of instantaneous rain rates over the watershed are the same. We note below that for typical thunderstorm environments in eastern Oregon, steering winds have a southerly component. The combination of a preferred pattern of storm motion and sensitivity of extreme flood peaks to storm motion relative to the drainage network suggests that topographic heterogeneity can play an important role in determining regional variation of the upper tail of flood distributions. Not only are the Blue Mountains a distinctive setting for extreme floods, but locations like the Willow Creek watershed will have enhanced potential for flooding due to properties of storm motion relative to the drainage network structure (see Soderholm et al., 2014 , for related analyses of the Black Hills region of South Dakota). Hots pots of catastrophic flooding in mountainous terrain have been examined in geomorphic studies of extreme floods and debris flows (Eaton et al., 2003; see also Hack& Goodlett, 1960) and in paleoflood reconstructions (Harden et al., 2011) . The Heppner Gazette-Times of 27 May 1971 reported that "a sudden hard torrent of rainfall with a brief dash of lightning struck about 3:15 PM … The alfalfa and grain crops were badly damaged by hail [accumulations of four inches] … This was followed by a hard rain."
The 1903 Heppner storm was an unusually intense hailstorm. Whistler notes that rainfall was preceded by a "phenomenal fall of hail" and that "grim evidence of the amount of hail is that, while most of the bodies being recovered on the fifth day were already badly decomposed, one was occasionally found almost perfectly preserved in a large drift of hail" (Whistler, 1903) . Eyewitness accounts of the storm suggest that it may have been a supercell thunderstorm, with one observer describing the storm as "a broad black streak almost straight north of us which seemed to be coming straight down from the sky" (Byrd, 2009) . Supercells are the most intense storms in the spectrum of thunderstorms and have produced some of the largest short-term rainfall rates in the United States (Bunkers & Doswell, 2016; Doswell et al., 1996; Giordano & Fritsch, 1991 and climatology of supercells in mountainous terrain (see, e.g., Bosart et al., 2006; Markowski & Dotzek, 2011; Scheffknecht et al., 2017) .
The NCDC Storm Events database and USGS annual peak discharge record contain no events in the Blue Mountains region that are comparable to the Heppner storm during the period of modern observing records, which we take to begin with deployment of the WSR-88D radar network in the mid-1990s. One of the closest analogs is a hailstorm which passed to the west of Heppner on 17 July 2012. Like the Heppner storm, the 17 July 2012 storm was an intense hailstorm embedded in a multiday period of thunderstorm activity. Polarimetric radar analyses of the 17 July 2012 storm (Figures 15 and 16 ) illustrate structure, motion, and evolution of severe hailstorms. The 17 July 2012 storm initiated along the Blue Mountains, as the Heppner storm did, and generally moved from southeast to northwest as the Heppner storm did, passing along the western margin of Balm Fork and producing an (small) annual peak discharge at the Balm Fork stream gaging station. The NCDC Storm Events database includes reports of heavy rain, more than 1 in. in 1 hr as the storm passed Shobe Canyon (approximately 23:35 UTC; see Figure 15 ), and multiple reports of 1-to 2-in. hail after 23:15 UTC.
The 17 July 2012 storm was anything but uniform in its structure, motion, and evolution (Figures 15 and 16 ; storm tracking analyses are based on the Thunderstorm Identification, Tracking, Analysis, and Nowcasting algorithms of Dixon & Wiener, 1993) . The peak value of reflectivity at 23:35 UTC was 73 dBZ (Figure 16 ) and the paired value of differential reflectivity was close to 0, indicative of large hail. The storm decayed rapidly around 00:15 UTC, as it moved north of Heppner toward the Columbia River. Merger of two cells around 23:20 UTC resulted in an increase in storm size and the spike in maximum reflectivity around 23:30 UTC (Figure 16 ). Storm area (determined by 45 dBZ threshold) ranged from 20 to 80 km 2 , with a sharp increase in size after merger of the two storm elements. Storm motion was determined by storm propagation and advection by steering winds, with storm speed fluctuating around 30 km/hr. Polarimetric radar measurements of specific differential phase shift (Figure 15 ; see Romine et al., 2008, and Kumjian, 2013) , which is approximately linearly related to rainfall rate and immune to the effects of hail, illustrate the rapidly varying temporal and spatial structure of rainfall. Polarimetric measurements indicate short periods and small areas with rainfall rates of approximately 100 mm/hr, corresponding to specific differential phases shift values larger than 3 ∘ /km (Figure 15) . Analyses of the 17 July 2012 storm based on modern observing capabilities point to the large uncertainties in characterizing rainfall from the Heppner storm (as described above) and from the Meyers Canyon and Lane Canyon storms (as detailed below).
Meyers Canyon and Lane Canyon Floods
The Meyers Canyon and Lane Canyon floods in eastern Oregon (see Figure 12 for locations) control the U.S. and world envelope curves at basin scales ranging from 10 to 40 km 2 . Both the Meyers Canyon and Lane Canyon flood peaks resulted in larger unit discharge peaks than the Balm Fork flood of 1903. Perhaps more than any other floods in the USGS record, they highlight the uncertainties in measurement of extreme flood magnitudes (see Costa & Jarrett, 2008 , for discussion of the accuracy of both the Meyers Canyon and Lane Canyon flood peak measurements). Unlike Balm Fork, no systematic stream gaging has been established by the USGS at either the Meyers Canyon or Lane Canyon sites.
The estimated peak discharge for the Meyers Canyon flood of 13 July 1956 (Hendricks, 1964; see Figure 12 for the location) is 1,543 m 3 /s (54,500 cfs) from a drainage area of 32.9 km 2 (12.7 mi 2 ), resulting in a unit discharge of 46.9 m 3 ⋅s −1 ⋅km −2 (4,290 cfs per square mile). A rough estimate of the upper tail ratio for the Meyers Canyon flood peak is 600, which we obtain using the regression equations developed by Cooper (2006) to estimate the 10-year flood. The accuracy of the flood peak estimate has been, and continues to be, a topic of debate (see, e.g., Levish & Ostenaa, 1996) . Following site investigation and review of previous analyses, Costa and Jarrett (2008) concluded that the "54,500 cfs peak should remain as published, but the rating should be downgraded from fair to estimate", which implies that the uncertainty in the estimate is larger than 25% and potentially as large as 50%. Even if peak discharge were at the lower end of the uncertainty range, it would rank with the June 1903 Balm Fork peak as one of the most extreme flood measurements in the United States.
An observer reported that rainfall in Meyers Canyon lasted for approximately 2 hr (4:30 P.M. local time to 6:30 P.M. local time), but a large part of the precipitation occurred in approximately 30 min with rainfall in cloudburst proportions (Hendricks, 1964) . There are no reports of lightning or hail for the storm, but the area is remote and there was only a single report from the area of heavy rainfall in Meyers Canyon. Downscaling simulations with WRF (as detailed below) indicate that the storm environment, like the Heppner and Lane Canyon settings, would support the development of thunderstorms.
KINEROS-2 simulations were carried out for the Meyers Canyon flood, emulating the procedures used for the Heppner flood. A rainfall rate of 250 mm/hr from a storm moving down the Meyers Canyon drainage network at 32 km/hr produces a 30-min period of rainfall for locations in the watershed and a peak discharge close to 1,543 m 3 /s at the basin outlet. The peak discharge that results from the same scenario, except for motion up the watershed, is 637 m 3 /s at the basin outlet.
The Lane Canyon flood on 26 July 1965 (see the summary by D. D. Harris in Rostvedt, 1970 ) produced a flood peak of 807 m 3 /s (28,500 cfs) from a drainage area of 13.1 km 2 (5.04 mi 2 ), resulting in a unit discharge of 61.6 m 3 ⋅s −1 ⋅km −2 (5,650 cfs per square mile). Using the regression equations of Cooper (2006) to estimate the 10-year flood magnitude in Lane Canyon, it yields an upper tail ratio of approximately 800 for the 1965 flood. Accuracy of the estimated peak discharge for the Lane Canyon flood, like the Meyers Canyon peak, has sparked controversy. Costa and Jarrett (2008) concluded that "the peak discharge for the flood in Lane Canyon was likely 28,500 cfs, but the rating should be changed from fair to poor." Also, like the Meyers Canyon flood,
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the Lane Canyon flood peak would be one of the most extreme in the United States even if peak discharge were at the low end of discharge values associated with measurement uncertainty.
The Lane Canyon flood was caused by a severe cloudburst, with observers reporting that most of the rain fell in 30 min (Rostvedt, 1970) . Observers also reported that large accumulations of hail accompanied the storm. The spatial extent of erosional features indicated that the entire watershed produced heavy runoff. KINEROS-2 simulations for a storm moving down the watershed with a rain rate of 360 mm/hr produce a peak discharge close to the observed maximum of 807 m 3 /s. The same storm moving up the watershed produces a peak discharge of 330 m 3 /s.
Using comparable model implementations, we conclude that the rainfall rates needed to produce the estimated peak discharge values for the 1956 Meyers Canyon and 1965 Lane Canyon flood peaks are larger than those required to produce the Balm Fork peak. The rainfall rates are not unprecedented for thunderstorms in the United States (Engelbrecht & Brancato, 1959; Smith et al., 2011b) , but they are exceptionally rare. These analyses highlight the large uncertainties in discharge estimates for the Meyers Canyon and Lane Canyon flood peaks.
Hydrometeorology of Blue Mountain Thunderstorms
In this section we examine the hydrometeorology of extreme rainfall in the Blue Mountains, principally through analyses of WRF simulations of the June 1903 Heppner storm, the July 1956 Meyers Canyon storm, and the July 1965 Lane Canyon storm. We first note that the climatology of thunderstorms, as represented by cloud-to-ground (CG) lightning observations from National Lightning Detection Network observations over eastern Oregon and Washington state, exhibits pronounced spatial heterogeneity, with a peak occurrence over the Blue Mountains (Figure 12 ). Mean annual CG flash density ranges from 0.8 strikes km −2 to 1.2 strikes km −2 along the Blue Mountains. Mean flash density decreases sharply in the Columbia Plateau region to the northwest, with a mean flash density of 0.5 km −2 in Heppner and values less than 0.2 km −2 over the Columbia River. For the WRF simulations of thunderstorms over the Blue Mountains region, we use three one-way nested domains of 27-, 9-, and 3-km resolution. Model physics options include (1) Noah land surface model, (2) WSM6 microphysics scheme, (3) Yonsei planetary boundary layer scheme, (4) Dudhia shortwave radiation scheme, and (5) the Rapid Radiative Transfer Model scheme for longwave radiation (see Smith & Baeck, 2015, Water vapor for the Heppner storm was exceptionally large for the Blue Mountains region. The simulated precipitable water field at 18:00 UTC on 14 June 1903 shows a large area of extreme precipitable water values centered on the Columbia Plateau (Figure 18 ). Precipitable water values approached 40 mm, which is close to the upper bound of precipitable water observations from the GPS precipitable water station near Heppner, Oregon (Figure 19 ). Paired with elevated precipitable water, the WRF simulation indicates that the convective potential was large over a significant portion of the Columbia basin margin, with peak values of Convective Available Potential Energy (CAPE) approaching 1,000 J/kg adjacent to the highest elevation region of the Blue Mountains in eastern Oregon (figure not shown). The 0.9 quantile of CAPE for June at the nearest radiosonde site in Spokane, Washington, is less than 300 J/kg and the record CAPE for June is less than 2,000 J/kg based on observations extending back to 1948. Like the Meyers Canyon and Lane Canyon events, the Heppner storm occurred during a multiday period of elevated humidity and convective potential. A tornado was reported the day after the Heppner storm (15 June 1903) approximately 57 mi northeast of Heppner (Byrd, 2009) .
A central issue surrounding record flooding in the arid region of eastern Oregon is the source of water vapor that fueled the storms. Back-trajectory analyses using the WRF simulation and the LAGRANTO algorithm (Figure 20 ; see Sprenger & Wernli, 2015 , for details on back-trajectory computations) illustrate a complex pattern of water vapor transport. Back-trajectory analyses ending at 18:00 UTC on 14 June and at 5-km elevation show parcel transport from southwest to northeast from the Pacific to eastern Oregon. Similar analyses terminated at 2-km elevation over eastern Oregon show diverse flow paths to the Blue Mountains flood region, including transport from Idaho and Montana. Unlike major flood events in the Pacific Northwest from cold-season extratropical systems, the Heppner storm was not the product of a well-defined river of atmospheric water vapor transport (Colle and Mass ; Neiman et al. 2011) .
Simulated rainfall for the July 1965 Lane Canyon storm includes a local maximum (70 mm) in rainfall on the northern margin of the Blue Mountains (Figure 21 ). The U.S. Weather Bureau surface map shows an area of rainfall that matches the pattern of rain extending from northeastern Oregon into northwestern Montana. Like the Heppner storm, the Lane Canyon storm environment was characterized by extreme values of precipitable water ( Figure 22 ) and elevated CAPE (Figure 23 ) along the margins of the Columbia Plateau. The synoptic environment for the Lane Canyon storm was similar to the Heppner storm, with comparable trough/ridge positions.
The WRF simulation of the 1956 Meyers Canyon storm (Figure 21 ) captures key elements of rainfall for the day, as represented by the U.S. Weather Bureau surface map, which indicated areas of rainfall extending along the California-Oregon border northeastward into Oregon. A local maximum in the WRF simulation is located southwest of Meyers Canyon. The largest observed rainfall for the day was located along the Montana-Canada border in the area of the local maximum from the WRF simulation. Precipitable water and CAPE fields for the Meyers Canyon storm are similar to the Heppner and Lane Canyon storm environments (Figures 22 and  23) . The synoptic environment for the Meyers Canyon storm was characterized by an upper level trough that extended along the northern California coast into Oregon and Washington.
The synoptic environment of the 17 July 2012 storm, the modern analog of the Heppner storm, was similar to the Meyers Canyon storm, with an upper level trough that extended from north to south along the Pacific Northwest during the period from 16 to 18 July 2012. Like the Heppner, Lane Canyon, and Meyers Canyon environments, elevated precipitable water characterized a 4-day period of thunderstorms in eastern Oregon and Washington, with peak values of precipitable water at Heppner reaching 35 mm. The period from 15 to 18 July 2012 contains 4 of the top 10 thunderstorm days in the Blue Mountain region since 1992, based on National Lightning Detection Network CG flash density observations. In addition to copious lightning, storm reports for the period include large hail, funnel clouds, heavy rain, flash floods, debris flows, and landslides for eastern Oregon and Washington (NCDC Storm Reports).
Downscaling simulations with WRF provide insights to common elements of storm environment for the record floods of Eastern Oregon, reducing some of the strangeness of these events. The Heppner, Meyers Canyon, and Lane Canyon storms exhibited similar structure of steering level winds, precipitable water, and CAPE fields, which play an important role in determining the potential for extreme rainfall rates (see Bunkers & Doswell, 2016; Nielsen et al., 2015; and Nielsen & Schumacher, 2018 , for additional discussion). Model simulations also suggest that storm size and motion were similar for the three events. Storm size and motion dictate that extreme floods in the Blue Mountains region will concentrate at basin scales smaller than 100 km 2 . The Heppner, Meyers Canyon, and Lane Canyon floods are rare, but the environmental conditions for multiday thunderstorm outbreaks in the Blue Mountains region are recurring phenomena, as illustrated by the July 2012 storm period. The WRF simulations suggest that some aspects of these major thunderstorm outbreaks are predictable, based on information contained in conventional reanalysis fields. A mystery that remains is how some storms that form during major thunderstorm outbreaks can produce rainfall rates that result in Heppner-like flood peaks.
Summary and Conclusions
We examine the upper tail of flood peaks in the United States, principally through analyses of the upper tail ratio for annual flood peak observations from more than 8,000 USGS stream gaging stations. Our major findings are the following:
• With a few caveats, the 14 June 1903 Heppner, Oregon, flood is the strangest flood in the systematic stream gaging record of the United States. The upper tail ratio for Balm Fork at a drainage area of 68 km 2 is 200, implying that the June 1903 flood peak was 200 times larger than the 10-year flood for the watershed. The 1903 Heppner flood is paired with two other extreme floods in the Blue Mountain region of eastern Oregon. Based on indirect discharge estimates in the miscellaneous flood record of the USGS, the July 1956 Meyers Canyon flood and the July 1965 Lane Canyon flood control the U.S. and world flood peak envelope curves at basin scales between 10 and 40 km 2 (see Costa, 1987a, and Herschy, 2003) .
• A fundamental distinction between record floods in the United States and the broader population of annual flood peaks is in their seasonal distribution. Annual flood peaks in the United States have winter/spring and warm season maxima in the seasonal rate of occurrence. For record floods, there is a striking shift toward warm season flooding and an increase in occurrence probability during the tropical cyclone season. This feature becomes more pronounced as we focus on floods with larger upper tail ratio. These analyses point to warm season thunderstorms and tropical cyclones as major flood agents for record floods, in contrast to the broader population of annual flood peaks, which are dominated by snowmelt and winter/spring storm systems.
• The strangest floods in the United States, that is, those producing the largest upper tail ratios (Table 1) (Table 1) . Strange floods from intense convection are not restricted to the smallest basin scales; the May 1935 Republican River flooding extended to basin scales exceeding 30,000 km 2 . The largest flood peak in the USGS stream gaging record resulted from the 1927 flooding in the Lower Mississippi River at a basin scale of 3,000,000 km 2 and was the product of multiple episodes of mesoscale convective systems, which produced severe thunderstorms and tornadoes (Smith & Baeck, 2015) .
• Strange floods can result from flood agents that are uncommon for the watershed, or they can result from extremes of typical flood agents. The eastern Oregon floods, which are produced by severe thunderstorms in a region dominated by snowmelt, are quintessential examples of the former. The Front Range and High Plains floods in Table 1 (May 1935 Republican, April 1934 Washita, June 1965 Front Range, June 1972 Rapid City, and 28 May 1953 , all the product of mesoscale convective systems during late spring and early summer, are examples of the latter. We introduce the record flood peak seasonality as a tool for examining anomalies in the seasonal occurrence of record flood peaks.
• We show that under the assumption that the annual flood peak distribution for a site is GEV with location , scale , and shape , the upper tail ratio has a GEV distribution that depends only on the shape parameter and sample size. Estimates of the location and scale parameters for stationary USGS flood records are linearly related and they are linearly related to drainage basin area. Estimated shape parameters show no dependence on basin area or any other basin property. The distribution of upper tail ratio does not depend on drainage area, provided that sample size is accounted for, supporting a scaling theory for the upper tail ratio that is dependent only on the shape parameter of the parent GEV distribution and sample size. Upper tail ratio analyses for stationary USGS stations are consistent with an unbounded, thick-tailed GEV world. Surprises, in the form of unprecedented flood peaks, are a prominent feature of a thick-tailed GEV world. Error bounds in estimates of extreme flood quantiles will increase with increasing values of the GEV shape parameter.
• We examine the geography of record floods by conditioning the upper tail ratio on basin properties.
Arid/semiarid watersheds have elevated values of upper tail ratio. • Hydrologic modeling analyses show that motion down the drainage network of Balm Fork, which was documented by Whistler (1903) based on observer accounts, results in much larger peak discharge at Heppner than for a similar storm that moves up the drainage network. Modeling analyses for Meyers Canyon and Lane Canyon result in extreme rainfall rates, highlighting the uncertainty of the peak discharge estimates for these sites. The magnitudes of peak rainfall rates are unknown for the three storms and we have a poor understanding of the physical processes that in rare circumstances produce exceptionally large rainfall rates.
Eastern Oregon is an interesting setting for examining the regional variation of extreme floods, because it includes the location of the largest upper tail ratio flood in the United States (excluding the flood peak resulting from the Teton Dam failure) and the locations of two miscellaneous USGS flood peak measurements that control the U.S. and world flood peak envelope curves at basin scales ranging from 10 to 40 km 2 . One reading of the hydrometeorological and hydrologic analyses of the Heppner, Meyers Canyon, Lane Canyon, and July 2012 events is that spatial heterogeneity of upper tail flood properties is extremely large and that each watershed will have unique flood properties. This point of view is largely driven by hydrometeorological properties of storms that control extreme floods, including the environmental conditions that create the distinctive patterns of precipitable water, CAPE, and steering winds for the episodic thunderstorm outbreaks in the region. Extreme floods in the Blue Mountains reflect an interplay between storm motion and drainage network structure, providing strong linkage between hydrometeorological and hydrologic controls of upper tail flood properties.
Regionalization is one of the core elements of many techniques used for rainfall and flood frequency analysis, including procedures used for assessing Probable Maximum Precipitation and Probable Maximum Flood. A conclusion that extreme floods in watersheds of the Blue Mountains exhibit large spatial heterogeneity does not alter the need for, and utility of, regionalization procedures. But, the Blue Mountain analyses do suggest that major advances in regional assessments of upper tail flood properties require advances in understanding and modeling hydrometeorological processes that control extreme rainfall from thunderstorms. The early ideas underlying hydrometeorological procedures for Probable Maximum Precipitation analysis were driven by the goal of developing modeling capabilities that would be coupled with appropriate observations to provide local assessments of maximum precipitation (Myers, 1967) . A solid foundation for regionalization will require advances in hydrometeorology along the lines envisioned many decades ago.
The themes that emerge from examination of regional variation of extreme floods in the Blue Mountains region of Oregon are likely prominent features of many (if not most) settings in the United States. Landfalling tropical cyclones in Texas produce extreme floods which are strongly dependent on amplification of rainfall at the land-water boundary (as was the case for Hurricane Harvey in August of 2017) and at inland locations where complex terrain has contributed to record rainfall accumulations for the United States. Similar features characterize tropical cyclone flood hazards in coastal and inland regions along the remainder of the Gulf Coast and the east coast of the United States. The mountainous regions with large upper tail ratio flood peaks (section 3.2) are also notable settings in which spatial variation of upper tail flood properties has received considerable attention; these include the Front Range of the Rocky Mountains, the Black Hills, the North American Monsoon region of the southwestern United States, central Appalachians, and the San Gabriel Mountains of California. Geomorphic and paleohydrologic studies have provided insights to hotspots of extreme flood occurrences and are key tools for advancing our understanding of the geography of upper tail flood properties.
One of the biggest challenges in developing a deeper understanding of strange floods centers on the physical processes controlling rainfall rates in thunderstorms. We do not know how large the rainfall rates were from the Heppner, Meyers Canyon, and Lane Canyon storms. The rain rates inferred from flood peak values and hydrologic modeling for the Meyers Canyon and Lane Canyon storms, which are roughly in the range from 250 to 400 mm/hr, certainly seem too large, but it is difficult to constrain rainfall rates from thunderstorms based on rain gage or even conventional radar reflectivity measurements for any setting, especially sparsely monitored locations like those in eastern Oregon. There have been larger rainfall rates documented for thunderstorms in the United States. The 18-19 July 1942 Smethport, Pennsylvania, storm not only produced the world record rainfall rate measurement of 164 mm/hr for 4.75 hr (780 mm accumulation), but also rain rates at 5-to 10-min time scale of 1,000 mm/hr (Eisenlohr, 1952) . How does that happen? Polarimetric radar measurements (Figure 15 ) hold significant potential for examining physical processes that control rainfall rate in thunderstorms (Kumjian, 2013) , because they can circumvent problems associated with hail and provide observational constraints on the interplay between storm dynamics and microphysics. Considerable progress has been made in understanding the dynamics of hailstorms, especially tornadic supercell storms, but relatively little attention has been focused on understanding the physical processes that control extreme rainfall rates, despite the fact that flash flooding is a comparable hazard to tornadoes in terms of loss of life. The quasi-idealized simulations of rainfall from supercell thunderstorms in Nielsen and Schumacher (2018) provide an important avenue for advancing the predictive understanding of extreme rainfall rates.
Our analyses of USGS flood records suggest that the nature of flood peak distributions in the conterminous United States is unbounded and thick-tailed; we certainly find little support for Horton's argument that rainfall and flood peaks are bounded. There is a substantial population of gaged watersheds for which the upper tail ratio is greater than 10 (Figure 2 ) and the Heppner flood provides evidence of upper tail ratios greater than 100. Comparisons between distributional properties of upper tail ratio values in the United States with other settings around the world will provide additional insights to the nature of the upper tail of flood peaks.
Appendix A
The GEV family of distributions satisfies the max-stable property (Leadbetter et al., 1982) implying that the maximum flood X (n) has a GEV distribution that is related to the distribution of the annual peaks X i , through a transformation of the scale a n and location b n :
For ≠ 0, a n = n and b n = ( − ) (1 − n ) and for the Gumbel case the sequences simplify to a n = 1 and b n = + ln(n).
The distribution of the record flood is thus
We assume that the sample quantile function provides a good approximation to the quantile function and evaluate the ratio of the record flood X (n) and the 10-year flood Q(.9). The 10-year flood under the GEV assumption is Q(.9) = − (1 − [−ln(0.9)] − ).
As noted in section 2, estimated location and scale parameters for annual peak flood records are linearly related (and they have an intercept that is approximately 0), so we can assume
